Progressive cognitive decline leading to dementia is a major nonmotor clinical feature frequently observed during the course of Parkinson disease (PD). The cognitive deficits affect the domains of attention, execution function, language, visuospatial functions, and memory in patterns distinguishable from Alzheimer disease.^[@R1],[@R2]^ Patients with PD have a 4- to 6-fold greater incidence of dementia than normal controls.^[@R3],[@R4]^ Studies that followed patients with PD for 8 or 20 years reported cumulative prevalence rates of dementia of 78% and 83%, respectively.^[@R5],[@R6]^ Having both dementia and motor dysfunctions increases mortality by 3.8-fold.^[@R7]^ Dementia also decreases the quality of life for patients with PD while increasing financial and caregiving burdens.^[@R8][@R9][@R11]^

It is important to diagnose cognitive impairment at the earliest stage in order to improve the effectiveness of the limited treatment options.^[@R12][@R13][@R14]^ Because early symptoms are often underrecognized, it would be useful if cognition-associated blood biomarkers that discriminate PD with dementia (PDD) from PD could improve the accuracy of diagnosis.^[@R15]^ Peripheral inflammatory cytokines, chemokines, and growth factors have been investigated for their relationship with cognitive decline in patients with PD.^[@R16][@R17][@R20]^ Lower levels of epidermal growth factor (EGF) have been shown to correlate with poor cognitive performance and development of PDD in a separate cohort.^[@R16],[@R18]^ Results of these studies support the potential of blood-based biomarkers for predicting cognitive dysfunction in patients with PD.

To identify further plasma proteins that may serve as discriminants for PDD, we used an unbiased biomarker discovery approach.^[@R21]^ The findings from a cohort of 52 patients with PD and 22 patients with PDD are reported here.

METHODS {#s1}
=======

Classification of evidence. {#s1-1}
---------------------------

This study aimed to determine whether there is a specific panel of plasma immune and growth factors that distinguish PDD from PD. The study provides Class III evidence that a 14-protein panel plasma assay combined with age has a sensitivity of 96% and a specificity of 89% for PDD in a cohort of 52 patients with PD and 22 patients with PDD.

Participants. {#s1-2}
-------------

This cross-sectional study consisted of 52 patients with PD and 22 patients with PDD who were recruited at the Banner Sun Health Research Institute. Fifty-one of the patients with PD and 8 of patients with PDD were enrolled in the Arizona Study of Aging and Neurodegenerative Disorders (ASAND) (previously called Brain and Body Donation Program).^[@R22]^ One patient with PD and 14 patients with PDD were not enrolled in ASAND, but they received clinical diagnosis from the attending neurologists at the same clinical center as ASAND was operated.

Standard protocol approvals, registrations, and patient consents. {#s1-3}
-----------------------------------------------------------------

The study was conducted according to the human subject study protocol (number 20111004) approved by Western Institutional Review Board (Puyallup, WA). Written informed consent was obtained from all participants.

Diagnosis. {#s1-4}
----------

ASAND participants received annual movement, clinical, and neuropsychological assessments.^[@R22]^ PD diagnosis is based on having 2 of 3 cardinal features of PD (resting tremor, bradykinesia, or rigidity), no obvious symptomatic causes, and documented response to dopaminergic medication. A large battery of neuropsychological tests is performed annually on the ASAND participants. These tests include the Mini-Mental State Examination (MMSE), Rey Auditory Verbal Learning Test-A7 (AVLT), Controlled Oral Word Association Test, Stroop Interference, Trails B, Wechsler Adult Intelligence Scale-III Digit Span, and Judgment of Line Orientation Test. Participants were classified as having PDD or PD by consensus conference among the clinical center movement disorder neurologist, behavioral neurologist, and neuropsychologists based on the Movement Disorder Society criteria for the diagnosis of PDD and the *DSM-IV* criteria for dementia. The present study excluded patients with PD who were diagnosed as having PD with mild cognitive impairment.^[@R23]^ The record of when PD and PDD were diagnosed was available in 18 patients with PDD. The duration of PD prior to diagnosis of PDD as well as the duration between PDD diagnosis and blood draw were calculated for these patients.

Blood sample collection. {#s1-5}
------------------------

Approximately 16 mL of blood from each participant was collected into 2 ethylenediaminetetraacetic acid--coated tubes and processed within 30 minutes to obtain plasma by centrifugation at 1,500*g* for 15 minutes, a standardized procedure according to the recommendations of the Parkinson\'s Progression Marker Initiative.^[@R24]^ Plasma samples were aliquoted into 250 μL volume and stored at −80°C until analysis. Aliquots were thawed and mixed gently prior to all of the assays. No genotype and gene mutation were determined in this study because DNA samples were not available.

Quantibody multiplex ELISA assays. {#s1-6}
----------------------------------

The Quantibody Human Cytokine Array Q3000 (RayBiotech, Norcross, GA) was used to measure the concentrations of 160 cytokines, chemokines, receptors, and growth factors, with results calculated relative to the known concentrations of protein standards. The list of these proteins is available at the company\'s Web site (<http://www.raybiotech.com/quantibody-human-cytokine-array-3000.html>). The arrays were constructed on glass slides spotted with 16 wells of an identical antibody panel with each antibody spotted in quadruplicate. The standard curves were generated from 6 to 8 diluted concentrations of standard proteins on each slide. The assay procedure followed the manufacturer\'s protocol. Lower limits of detection were determined using the lowest concentrations of standards that were at least 3 times above the background. Data output was analyzed with Quantibody Q-Analyzer software. The reproducibility of the assay determined by coefficient of variation is \<20%.

α-Synuclein ELISA. {#s1-7}
------------------

The plasma α-synuclein levels were measured by Human α-Synuclein kit (Meso Scale Diagnostics, Rockville, MD) following the manufacturer\'s protocol. The assay was similar to conventional ELISAs except captured antigen was detected by the α-synuclein antibody conjugated with electrochemiluminescent labels. The emitted electrosignals were read by a MESO QuickPlex SQ 120 plate reader (Meso Scale Diagnostics). The values of standard curves and protein concentrations in each replicate were calculated with Discovery Workbench Software provided by the manufacturer. The optimal dilution factor (1:40) was determined in a subset of the plasma samples before assaying the entire sample series.

Statistical analysis. {#s1-8}
---------------------

The main goal of the statistical analysis was to identify those measures best able to distinguish PDD from PD. This was accomplished by using linear discriminant analysis (LDA) classification models. Levels of individual proteins were first examined for their capacity to separate PDD from PD using independent 2-sample Student *t* tests with false discovery rate (FDR) for multiple comparison correction for the distinguishing power of each individual protein and without multiple comparison correction as a feature selection procedure to identify a discriminant protein panel before LDA. A second LDA was performed using automated stepwise selection of 161 proteins to determine the best protein panel.

In all LDA classification models, performance metrics of sensitivity and specificity, based on the optimal threshold, and the area under the receiver operating characteristic (ROC) curve (AUC) were compared using leave-one-out cross-validation. The AUC serves to evaluate overall model performance by taking into account both the true-positive rate, or sensitivity, and the false-positive rate at different confidence thresholds.^[@R24]^ In each model, we aimed to select a threshold corresponding to high sensitivity while maintaining an acceptable specificity, or true-negative rate, in order to accurately identify participants with dementia.

In addition to the primary purpose of identifying proteins able to distinguish PD and PDD, the strengths of pairwise Pearson correlations for those proteins included in each model were examined to explore possible interactions. Correlation analyses were also performed to determine the separate association of these proteins with age, α-synuclein levels, disease duration, and scores assigned by neuropsychological assessment. The results were subjected to multiple comparison correction using FDR. To assess the relevance of the selected 14 protein discriminants, we examined the overall correlation of these proteins with cognitive measures such as MMSE, CDR, and AVLT-A7 using multivariable linear regression models. Statistical analyses were performed using the statistical package SPSS (version 22, IBM, Armonk, NY) with subsequent modeling and performance comparison completed in MATLAB (version R2014b, MathWorks, Natick, MA).

RESULTS {#s2}
=======

Study cohort. {#s2-1}
-------------

Our study cohort consisted of 59 ASAND participants (51 with PD and 8 with PDD) and 15 non-ASAND participants (1 with PD and 14 with PDD) who received medical care from clinic neurologists at the study site. Although no neuropsychological tests were performed on the 14 patients with PDD, clinical criteria for diagnosis were consistent for all participants.

The demographic, movement, and neuropsychological features of the cohort are shown in [table 1](#T1){ref-type="table"}**.** The PDD group was significantly older than the PD group (*p* = 0.019). There was no difference in the ratio of male to female participants between disease groups (*p* = 0.697). The PDD group had significantly lower AVLT-A7 and MMSE scores but higher CDR scores than the PD group. The Unified Parkinson\'s Disease Rating Scale scores were not significantly different between the PD and PDD groups (*p* = 0.270).

###### 

Demographic and neuropsychological features of the studied cohort
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Using data from the 18 patients with PDD who had record of disease diagnosis, the mean ± SE of the duration between diagnosis of PD and PDD was 10.2 ± 1.38 years and the mean ± SE of the duration of dementia was 3.67 ± 0.63 years.

Protein levels by disease group. {#s2-2}
--------------------------------

We determined the disease group differences in plasma levels of 161 proteins. Significant differences were detected in 12 proteins, including BMP-7, FGF-7, GDNF, IGFBP-1, Insulin, NT-4, PDGF-AA, PIGF, TARC, TGFb3, SCF, and uPAR. Further analysis indicated that age was a covariate of the protein levels, but not sex. Because participants with PD and participants with PDD differed in age, we then determined the disease group differences after adjusting for age. Only TARC and PDGF-AA levels remained significantly different between disease groups. The levels in the PDD group were higher than those in the PD group: 833.72 ± 92.69 pm/mL in PD and 1,222.25 ± 144.74 pg/mL in PDD (*p* = 0.029) for TARC and 6,497.12 ± 497.64 pg/mL in PD and 8,521.12 ± 777.06 pg/mL in PDD (*p* = 0.034) for PDGF-AA. However, the significance did not survive FDR correction.

Biochemical discriminants of PDD. {#s2-3}
---------------------------------

To determine whether measures of a single protein or a combination of proteins might be useful for discriminating PDD from PD, we performed the simple and conventional LDA. The statistical steps and the findings of discriminant panels are shown in [figure 1](#F1){ref-type="fig"}.

![Statistical models and discriminant panels that discriminated PDD from PD\
(A) The steps of linear discriminant analysis (LDA) to identify discriminants for Parkinson disease (PD) with dementia (PDD). Two LDA models were used. Model 1 combined age with biochemical measures and led to 14 proteins that along with age resulted in 96% sensitivity and 89% specificity (area under the curve \[AUC\] = 0.9615). Model 2 analyzed only biochemical measures and led to 24 discriminants at 91% sensitivity and 100% specificity (AUC = 0.986). A smaller 9-protein (indicated by superscript a in the model 2) panel is illustrated here. This subpanel gave 91% sensitivity and 90% specificity (AUC = 0.9143). (B) The receiver operating characteristic (ROC) curve for the model including 14 proteins and age as discriminants is shown here. The curve shows the true-positive rate, or sensitivity, and the false-positive rate, or 1 − specificity, at various confidence thresholds from the LDA model. GF = growth factor; IM = immune modulator; VM = vascular modulator.](NEURIMMINFL2015005942FF1){#F1}

We first determined whether age-adjusted TARC and PDGF-AA levels could be used for disease discrimination given that the levels of these proteins differed between disease groups before multiple comparison correction. However, the prediction value was low (45% sensitivity and 67% specificity, AUC = 0.564).

Next, we tested whether combining age as a discriminant with biochemical measures could successfully differentiate PDD from PD. In this model, a 14-protein panel ([figure 1A](#F1){ref-type="fig"}) along with age gave 96% sensitivity and 89% specificity (AUC = 0.9615). [Figure 1B](#F1){ref-type="fig"} displays the ROC curve for this model, from which the optimal threshold was chosen in order to maximize sensitivity. Based on current understanding, 7 of these 14 proteins mediate growth and trophic functions (BMP-5, FGF-4, IGF-1, NGF-R, PDGF-AA, PDGF-BB, and SCF).

We then tested a stepwise LDA model in which only biochemical measures were considered as discriminants. This second model selected 24 proteins that identified PDD with 91% sensitivity and 100% specificity (AUC = 0.986). The 24-protein panel consisted of 11 chemokines, 5 growth factors, 4 immune modulators, 3 vascular modulators, and α-synuclein ([figure 1](#F1){ref-type="fig"}). Among chemokines, 7 belong to the CCL category (CCL13, 17, 18, 19, 20, 21, and 24) and 4 belong to the CXCL category (CXCL1, 7, 10, and 13). Notably, CCL17 (TARC), SCF, and uPAR were selected by both models.

Based on this 24-protein panel finding, we further determined the minimal number of proteins required for obtaining an AUC of 0.90 by entering these proteins into a new stepwise LDA model. As a result, 9 proteins (BLC, BTC, GRO, LIGHT, TARC, CD14, CEACAM-1, ErbB3, and uPAR) were selected that achieved 91% sensitivity and 90% specificity (AUC = 0.9143). This panel consisted of chemokines (CXCL1, CXCL13, and CCL17), growth factors (BTC and ErbB3), immune cell modulators (CD14 and LIGHT), and vascular modulators (CEACAM-1 and uPAR).

Correlates of plasma α-synuclein. {#s2-4}
---------------------------------

In this cohort, the age-adjusted levels of α-synuclein did not differ between the PD and PDD groups (PD: 38,424.546 ± 1,958.331 pg/mL; PDD: 37,474.561 ± 3,057.912 pg/mL; *p* = 0.798). However, analysis of correlations between the levels of α-synuclein and other plasma proteins showed significant positive correlations for 26 proteins ([table 2](#T2){ref-type="table"}). Among these proteins, the levels of PDGF-BB, TARC, PDGF-AA, and EGF were most highly correlated with α-synuclein (*p* \< 0.0003). These 4 proteins survived multiple comparison correction using FDR.

###### 

Correlation coefficients of the proteins that correlated with plasma α-synuclein levels
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Cognitive measures, age, duration, and biochemical correlates. {#s2-5}
--------------------------------------------------------------

We also determined whether MMSE, CDR, AVLT-A7, age, and disease duration correlated with the protein levels in patients with PD ([table 3](#T3){ref-type="table"}). Notably, TNF-α and IL-2, which were selected as discriminants in the model including age, showed significant positive correlations with CDR scores (*r* = 0.479, *p* = 3.75 × 10^−4^ for TNF-α; *r* = 0.365, *p* = 0.008 for IL-2). However, after multiple comparison correction only lymphotactin and TNF-α remained significantly correlated with CDR scores. Among 19 proteins that showed significant correlations with age, only TIMP-1 and MIG remained significantly correlated with age after FDR correction (*r* = 0.409, *p* = 0.0003 for TIMP-1; *r* = 0.397, *p* = 0.0005 for MIG). The correlations with disease duration did not survive multiple comparison correction.

###### 

Neuropsychological measures, disease duration, age, and biochemical correlates
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We then determined whether the 14-protein discriminant panel collectively correlated with cognitive measures using multiple variable regression analysis. Overall, MMSE and CDR were each correlated with the panel of 14 protein determinants (MMSE: *R*^2^ = 0.412, *p* = 0.024; CDR: *R*^2^ = 0.542, *p* = 0.0004), but AVLT-A7 was not (*R*^2^ = 0.290, *p* = 0.257).

Correlations between biochemical discriminants. {#s2-6}
-----------------------------------------------

While analyzing the correlations between the levels of each protein in both models, we found that several of these proteins significantly correlated with each other in their plasma concentrations. The majority of the correlations remained significant after multiple comparison correction. In [figure 2](#F2){ref-type="fig"}, an illustration of how the discriminants correlated shows either direct or indirect pairwise associations among proteins. For example, in addition to correlating with each other, PDGF-BB and IL-15 were also correlated with one common protein, IL-2, as well as other proteins.

![Schematic illustration of relationship between individual discriminants\
The model that combined age with biochemical measures gave a 14-protein panel. Among these 14 proteins, 12 of them had significant correlations with various proteins (correlation coefficients are shown in [table 4](#T4){ref-type="table"}). uPAR and CXCL16 did not correlate with any other proteins. The proteins that were significantly correlated after multiple comparison test are connected with double-headed arrows. Growth/trophic factors are in green, cytokines are in red, and chemokines are in blue.](NEURIMMINFL2015005942FF2){#F2}
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Correlation coefficients between identified protein discriminants
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DISCUSSION {#s3}
==========

This study used a nonbiased approach to evaluate whether plasma levels of 160 immune and trophic factors and the synaptic protein α-synuclein could be potential candidates for discriminating PDD from PD. We identified 3 panels of proteins using 2 statistical models, for which age was either included or excluded as a discriminant. In the model considering biochemical factors alone, separate panels consisting of 24 or 9 proteins were identified, giving respective AUCs of 0.986 and 0.9143. Including age in the discrimination model led to the discovery of a 14-protein panel that could discriminate PDD with 96% sensitivity and 89% specificity (AUC = 0.9615). The association of the 14-protein panel with cognitive variables was further supported by the results of a regression analysis that showed significant correlation with MMSE and global CDR scores.

Findings from both statistical models demonstrated that chemokines and growth/trophic factors were the major contributors to the discriminant panels. The chemokine family has been previously investigated for cognition-associated markers in PD using other assay platforms.^[@R16],[@R19],[@R25],[@R26]^ In a study that analyzed plasma samples for the levels of 4 chemokines (CXCL10, CCL2, CCL11 and CCL24) in 25 normal controls and 40 patients with PD, CXCL10 (IP-10) was identified as the best correlate of the memory score (MMSE) and mental flexibility score (the Frontal Assessment Battery).^[@R19]^ IP-10 was also on our 24-protein panel.

A recent study that identified 11 analytes that correlated with Dementia Rating Scale-2 (DRS-2) scores in patients with PD also showed that the majority of selected analytes were chemokines (CXCL1, CXCL5, and CCL5 or GRO-α, ENA78, and RANTES) and growth/survival factors (EGF, HBEGF, PDGF, and SCF).^[@R16]^ Among these analytes, EGF levels showed the highest correlation with age-adjusted DRS-2 scores, but as a PDD classifier the maximal accuracy was 79%.^[@R16]^ EGF was not identified as a PDD discriminant by either of statistical models in our study. However, we did identify PDGF and SCF in both models and GRO-α in the model excluding age as a discriminant. We also identified additional growth factors ([figure 1](#F1){ref-type="fig"}), suggesting broad involvement of the growth/trophic factor family in PDD. Postmortem human PD brain study has shown deficiency of neurotrophic factors.^[@R27]^ However, how changes in brain neurotrophic factors correlate with their levels in the blood remains elusive. Our findings that plasma levels of PDGF-BB, PDGF-AA, and EGF are highly correlated with the plasma α-synuclein levels after multiple comparison correction suggest the possibility that the source of interaction is peripheral.

A novel feature of the discriminant panel obtained from both models is the identification of factors crucial to the immune functions of T cells. For example, IL-2, IL-15, LIGHT, GITR, and IL-21R have specific roles in differentiation and regulation of innate and adaptive immunity of various T lymphocyte subclasses.^[@R28][@R29][@R31]^ PD is associated with T cell infiltration in the pathology-affected brain regions along with abnormal functions of the subclasses of T cells.^[@R32][@R33][@R34]^ Identification of T cell functional mediators as discriminants of PDD suggests that development of dementia in patients with PD might induce distinct abnormality in the immune system.

Age-associated blood-brain barrier abnormalities and systemic inflammation could contribute to the interplay of peripheral and central inflammation.^[@R35],[@R36]^ Older age has been associated with the prediction of dementia in patients with PD.^[@R37],[@R38]^ However, age by itself was not sufficient to identify PDD. Rather, our study demonstrated the potential of distinguishing PDD by including age as a discriminant along with biochemical measures; this should be tested further in a larger population-based study. At present, the progress in discovering blood-based biomarkers for PDD is still rather limited. Models that combine biochemical and nonbiochemical measures could be useful for enhancing the accuracy of prediction. Quantitative EEG (QEEG) has recently been shown to be a promising predictor for PDD.^[@R12],[@R39]^ Studies that combine QEEG and blood biomarkers could be tested.

This study demonstrated that (1) patients with PDD have changes in plasma proteins that distinguish them from patients with PD; (2) including age as a discriminatory factor led to a panel of biochemical measures with good sensitivity and specificity for distinguishing PDD from PD; and (3) proteomic platforms such as Quantibody arrays are suitable for nonbiased blood-based discovery study of PDD biomarkers. Our findings demonstrated that converging mediators from immune and trophic pathways brought discriminatory power to the cognitive impairment in patients with PD. Because this is a discovery-based study, replication in a population-based longitudinal study will be needed.
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:   bone morphogenetic protein

BTC

:   betacellulin

CCL

:   chemokine (C-C motif) ligand

CD14

:   cluster of differentiation 14
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:   *Diagnostic and Statistical Manual of Mental Disorders, 4th edition*

EGF
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:   flial cell-derived neurotrophic factor
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:   heparin-binding EGF-like growth factor

IGF-1

:   insulin-like growth factor-1

IGFBP

:   insulin like growth factor binding protein
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LDA

:   linear discriminant analysis
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:   nerve growth factor
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:   platelet-derived growth factor
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:   receiver operating characteristic
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:   thymus and activation-regulated chemokine
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:   Transforming growth factor-β-3
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:   tissue inhibitor of metalloproteinases-1
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:   tumor necrosis factor

uPAR

:   urokinase plasminogen activator receptor
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